In thyroid tumors, several cell cycle regulators have been found to be altered or overexpressed, but no data exist on E2F transcription factors. Such factors (E2F-1 in particular) act as the final effectors in the retinoblastoma pathway but are also involved in apoptosis. To analyze E2F-1 expression in thyroid neoplasms, we investigated 73 thyroid tumors, including 28 oxyphilic and 45 nonoxyphilic lesions, by immunohistochemistry, in parallel with other cell cycle-related proteins (p27, pRb, p53, and Ki67). p27, Ki-67, pRb, and p53 expression patterns generally overlapped the literature data. E2F-1 was expressed in all thyroid tumor types, both benign and malignant, with no statistical correlation with proliferative status (except for anaplastic carcinoma). A significantly higher percentage of tumor cells expressed E2F-1 in oxyphilic adenomas (71.5%) and oxyphilic carcinomas (66.1%) as compared with that of the corresponding nonoxyphilic lesions (30.8% and 34.5%, respectively; P < .05). These same tumors had a relatively low proliferative index. Therefore, because oxyphilic tumors of the thyroid show peculiar morphological, phenotypic, and ultrastructural features, possibly related to their particular metabolic conditions, it is possible that E2F-1 overexpression is linked to activities other than cell cycle entry in oxyphilic tumors. In conclusion, E2F-1 is expressed in both benign and malignant thyroid tumors, thus suggesting a wide involvement of the retinoblastoma pathway in thyroid tumorigenesis. In addition, in oxyphilic tumors, more than two thirds of tumor cells express E2F-1, an event possibly linked to proapoptotic rather than proliferative signals in such neoplasms.
Oxyphilic tumors of the thyroid are characterized by cells with an abundant granular eosinophilic cytoplasm, as a consequence of mitochondria accumulation (1, 2) . Their exact classification has been debated for many years, leading some authors to keep these tumors separate from other follicular neoplasms (3, 4) . However, recent evidence has indicated that oxyphilic (Hurthle cell, oncocytic) tumors of follicular origin behave as their conventional counterparts and only differ from classical follicular lesions because of their extremely high content of mitochondria (5, 6) .
The proliferative status and alterations of the cell cycle and retinoblastoma (Rb) pathway in oxyphilic and nonoxyphilic tumors have been assessed in several studies on thyroid cancer (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Several studies on the proliferative activity of oxyphilic tumors demonstrated no differences from conventional follicular adenomas and carcinomas, both well differentiated and poorly differentiated (10, 15, 22) . In one of these studies (10) , cyclin D1 was found to be overexpressed in oxyphilic carcinomas as compared with oxyphilic adenomas, as described in nonoxyphilic well-differentiated carcinomas of both follicular and papillary types as well (7) (8) (9) 11) . p27, one of the inhibitors of cyclinedependent kinases, was found to be reduced in thyroid tumors, namely papillary, poorly differentiated, and anaplastic carcinomas (8, 18) , but had never been extensively investigated in Hurthle cell tumors. Recently (14) , the retinoblastoma protein (pRb) was reported by means of immunohistochemistry to be down-regulated in a variety of thyroid tumors, mostly malignant with the notable exception of oxyphilic adenomas, which showed loss of protein expression in 100% of cases. No studies have been dealing with the final effectors of the Rb pathway, which involves Rb phosphorylation on the one side and the E2F transcription factor family activation on the other, in a complex molecular mechanism further complicated by recent evidence that both pRb and E2F-1 possess additional properties on developmental, tumorigenic, and apoptotic processes (23) (24) (25) . A preliminary report on a member of the latter group (26) indicated that E2F-1 was overexpressed in cases of oxyphilic variant of papillary carcinoma. In tumor pathology, E2F-1 expression recently has been shown to bear prognostic implications in tumors of other locations, including lymphoproliferative disorders (27) (28) (29) , gastrointestinal carcinomas (30 -31) , and bladder tumors (32) .
Oxyphilic cells and tumors were shown to bear a marked genomic DNA fragmentation by means of in situ end-labeling technique (33) . This may be the result of the particular metabolic status of these mitochondrion-rich cells, as suggested by spontaneous or induced (e.g., fine needle aspiration) extensive cell death response to ischemic or stress stimuli in oxyphilic thyroid nodules, whose nature is not fully understood.
The aim of the present study was to analyze a series of oxyphilic thyroid tumors for the immunohistochemical expression of E2F-1, a pivotal molecule between the retinoblastoma pathway leading to cell division, on the one side, and to cell death processes, on the other. We here show that oxyphilic (Hurthle cell) tumors (but not their nonoxyphilic counterparts) express E2F-1 in most tumor cells, in the absence of a high proliferative activity, indicating that E2F-1 may regulate activities other than cell cycle entry in such mitochondrion-rich cells and tumors.
MATERIALS AND METHODS

Case Selection
Seventy-three cases of thyroid tumors were selected from the files of the Department of Pathology, University of Turin, between 1990 and 2000. These included 28 oxyphilic tumors and 45 control cases of nonoxyphilic neoplasms. Among the former, there were 8 oxyphilic (Hurthle cell) adenomas (HA); 12 oxyphilic carcinomas (HCC); and 8 papillary carcinomas, oxyphilic variant. In the control group, 6 follicular adenomas (FA), 4 minimally invasive follicular carcinomas (FTC), 11 papillary carcinomas (PTC), 15 poorly differentiated (insular) carcinomas (PDC), and 9 anaplastic carcinomas (AC) were collected. In addition, 3 cases of nodular goiter with oxyphilic changes and 3 cases of Hashimoto thyroiditis were investigated. Most oxyphilic tumors have been included in a previous study on DNA fragmentation by means of the in situ end-labeling technique (33) . Formalinfixed paraffin-embedded tissue blocks were available for conventional histology and standard immunohistochemical procedures. Clinicopathological parameters were collected for each case and compared with histological and immunohistochemical findings.
Immunohistochemistry
Serial sections collected on poly-L-lysine-coated slides were processed for conventional immunohistochemistry after a standard streptavidin procedure. Antigen retrieval in microwave oven (three 5-min cycles at 750 W in citrate buffer, pH 6.0) was performed for all antibodies tested. Accurate blocking of endogenous biotin was obtained, as previously described (34) . A list of the antibodies tested, which included antibodies anti-Ki-67, p27
kip1 , E2F-1, pRb, and p53, is reported in Table 1 . For E2F-1 and pRb immunostaining, tyramidecatalyzed reporter deposition (CARD) amplification was applied. Biotinylated tyramine was prepared according to Adams (35) and diluted 1/50 to prevent nonspecific background.
Immunohistochemical Evaluation and Controls
Ki-67, p27, E2F-1, and p53 expression were evaluated as the mean percentage of positive nuclei after counting 1000 cells at high-power field; pRb expression was considered normal (heterogeneous) when a percentage of positive cells between 1% and 50% was present, although altered in the absence of staining or in case of overexpression (Ͼ50% positive nuclei; 36).
Normal peritumoral thyroid served as internal positive controls for p27 and pRb, and lymphocytic infiltrate, for Ki-67 and E2F-1, respectively. Hyperplastic tonsil sections were also included as positive controls. Negative controls included omission of the primary antibody and incubation with an unrelated antibody (anti-progesterone receptor). 
RESULTS
In general, an altered regulation of the Rb pathway was observed in most thyroid tumors investigated. Only 14 cases had an apparently normal profile. All the others had one (28 cases) or, more frequently, two or three (31 cases) parameters altered, irrespective of the tumor type. The results are summarized in Table 2 . No immunoreactivity for p27, pRb, p53, E2F-1, and Ki67 was observed in negative control sections.
E2F-1 protein expression was significantly higher in follicular oxyphilic tumors as compared with the group of nonoxyphilic tumors (P Ͻ .05). HAs expressed E2F-1 in 71.5% (range, 37-95%) of cells ( Fig.  1) and HCCs in 66.1% (range, 26 -95%; Fig. 2 ). Oxyphilic variant of PTC expressed E2F-1 in 63.1% (range, 19 -95%) of tumor cells, a value much higher (but below statistical significance) than that of nonoxyphilic PTC. As expected, E2F-1 protein expression was low in normal thyroid as well as in nonneoplastic oxyphilic cells (in nodular goiter or Hashimoto thyroiditis; 24%) and progressively increased from FA (30.8%) to AC (65%), having welland poorly differentiated carcinomas intermediate values (FTC, 34.5%; PTC, 46.7%; PDC, 34.3%).
The mean proliferative activity, detected by Ki-67 immunostaining, was 2.7% in oxyphilic adenomas and 2.4% in oxyphilic carcinomas. These figures are overlapping to those observed in the corresponding nonoxyphilic tumor types (1.5% and 1.7%, respectively). Significantly higher values were observed in PDC and AC (7.2% and 52.2%, respectively). Rb protein abnormal expression (absence or overexpression: see Materials and Methods) was detected in a percentage of cases ranging from 37.5% in HA to 16 .6% in HCC. In the control group, Rb was altered in 16.7% (FA) to 53.3% (PDC) of the cases, but no statistically significant differences were observed. In negative cases, the presence of scattered positive nuclei in endothelial cells or in peritumoral thyroid follicles served as internal control. Oxyphilic tumors had a mean expression of p27 of 50.2% in HA and 73.5% in HC, a finding overlapping that of the corresponding nonoxyphilic cases. As expected, p27 expression was significantly lower in PTC (8.9% in nonoxyphilic and 10.2% in oxyphilic variants) and AC (10.4%) as compared with all other groups. p53 immunoreactivity was low in HA and HCC. The same happened in well-and poorly differentiated tumors (from Ͻ1% to 4.1%), as opposed to AC, which had a significant increase (25.3%).
Clinicopathological correlations were focused on p27, E2F-1, and pRb expression, using the 2 test. None of these proteins was found to have a significant relation to sex, age, pTN, or biological behavior among any histological type.
DISCUSSION
The present study is the first description of E2F-1 transcription factor expression in a large series of thyroid tumors, with special reference to oxyphilic tumors. Earlier studies on other tumor types demonstrated a good correlation between immunohistochemical and mRNA detection of E2F-1 (28). We therefore relied on a specific anti-E2F-1 monoclonal antibody to investigate its nuclear expression in thyroid tumors. A variable percentage of E2F-1 immunoreactive cells was observed in all thyroid tumors studied and also in normal thyroid follicles. A surprisingly high mean expression of E2F-1 was observed in oxyphilic (Hurthle cell) tumors, irrespective of the benign or malignant nature and also of the histological type, because both classical oxyphilic (Hurthle cell) carcinoma and oxyphilic variant of papillary carcinoma showed E2F-1 overexpression. Oxyphilic adenomas and carcinomas contained E2F-1 protein in nearly 70% of their tumor cells, and oxyphilic papillary carcinomas also had a higher amount, as compared with nonoxyphilic counterparts. Interestingly, however, not all oxyphilic tumors had E2F-1 overexpression. Rare tumors had an E2F-1-positive cell percentage as low as 37%. Moreover, E2F-1 was less frequently overexpressed in cases of follicular tumors with focal oxyphilic features (not included in the present series). Based on these observations, E2F-1 overexpression seems to be the result of a particular metabolic status of these cells rather than to be related to the morphological oxyphilic changes. This hypothesis is also supported by the evidence that E2F-1 is not overexpressed in nonneoplastic cells having oxyphilic changes, such as in nodular goiter or Hashimoto thyroiditis. In nonoxyphilic tumors, E2F-1 protein expression had the expected progressive increase from normal thyroid to adenomas, well-differentiated carcinomas, and, finally, anaplastic carcinoma (range, 24 -65.6%). However, adenomas had a mean expression of 30.8%, which was very close to that of follicular carcinomas (34.5%), thus limiting the diagnostic role of E2F-1 protein expression.
E2F-1 overexpression was not paralleled by a high proliferative rate in oxyphilic tumors, nor by peculiar alterations of p27 or Rb. Ki-67 immunodetection showed mean proliferative indexes of 2.4% and 2.7% for malignant and benign oxyphilic tumors, respectively. p27 down-regulation paralleled that of follicular nonoxyphilic tumors, and pRb expression was retained in most oxyphilic tumors tested irrespective of the histological type, as also observed in the corresponding nonoxyphilic counterparts.
Therefore, although the expression of E2F-1 is expected to be a marker of cell cycle entering by the cell, for some unknown reasons, a fraction of E2F-1-positive oxyphilic cells is not scheduled for cell division. These tumors had in fact a low proliferative index, as detected by Ki-67 immunostaining, nor did these tumors show any correlation between E2F-1 overexpression and rapid growth or aggressive clinical behavior. Possibly, other functions are associated to E2F transcription factors in the group of oxyphilic tumors of the thyroid. Unique in the E2F transcription factor family, E2F-1 plays a pivotal role in cell cycle progression and/or in apoptosis, according to p53 function. In many tissues, the balance of proliferation versus apoptosis is maintained by variable E2F-1 levels, and a tissue-specific role of E2F-1 as an oncogene or a tumor suppressor gene has been proposed (37) . In the same case series that are here represented, we recently described a peculiar pattern of genomic DNA fragmentation in oxyphilic lesions of the thyroid (33) , which lead us to hypothesize the diffuse activation of apoptotic or aponecrotic processes in mitochondrion-rich oxyphilic cells. The term aponecrosis has been proposed to describe a cell demise that shared dynamic, molecular, and morphologic features with both apoptosis and necrosis, adenosine triphosphate levels in the cells and the intensity of hypoxic injury being pivotal in determining apoptosis, necrosis, or aponecrosis (38) . E2F-1 overexpression in oxyphilic tumors may represent the evidence of an activated signal of life or death switched on by particular metabolic conditions that in turn drive to aponecrotic processes rather than to cell cycle progression, in the presence of specific DNA damages. Lack of specific apoptotic markers (i.e., activated caspase-3 immunoreactivity) in the oxyphilic lesions with high DNA fragmentation was observed (33) . As mitochondria are necessary for apoptosis initiation, their frequent alterations in oxyphilic tumors at both DNA and enzymatic levels (39, 40) could explain why the possible death signal triggered by E2F-1 could give raise to aponecrotic processes rather than to true apoptosis in these tumors. Future studies on in vitro models are needed to define the predominant functions of E2F-1 in oxyphilic tumor cell growth and differentiation and even to clarify the biochemical levels of its overexpression, possibly related to either increased transcription or reduced degradation.
In conclusion, E2F-1 is highly expressed in thyroid tumors, irrespective of their benign or malignant nature and of their proliferative status; in addition, oxyphilic tumors, among other histotypes, showed a marked overexpression, possibly linked to proapoptotic rather than proliferative signals in such neoplasms.
